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Abstract Marine protected areas (MPAs) have been increasingly proposed, evaluated and implemented as management tools for achieving both fisheries and conservation objectives in aquatic ecosystems. However, there is a challenge associated with the application of MPAs in marine resource management with respect to the consequences to traditional systems of monitoring and managing fisheries resources. The place-based paradigm of MPAs can complicate the population-based paradigm of most fisheries stock assessments. In this review, we identify the potential complications that could result from both existing and future MPAs to the science and management systems currently in place for meeting conventional fisheries management objectives. The intent is not to evaluate the effects of implementing MPAs on fisheries yields, or even to consider the extent to which MPAs may achieve conservation oriented objectives, but rather to evaluate the consequences of MPA implementation on the ability to monitor and assess fishery resources consistent with existing methods and legislative mandates. Although examples are drawn primarily from groundfish fisheries on the West Coast of the USA, the lessons are broadly applicable to management systems worldwide, particularly those in which there exists the institutional infrastructure for managing resources based on quantitative assessments of resource status and productivity.
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Introduction
The application of marine protected areas (MPAs  1 ) and other spatially based management efforts (such as rotating closures and ocean zoning) has been increasingly accepted as a feasible tool for marine resource management (Murray et al. 1999; Murawski et al. 2000; Roberts et al. 2001; Pikitch et al. 2004) . For example, a National Research Council (NRC) panel found 'compelling empirical evidence and strong theoretical arguments' for the use of MPAs and marine reserves as tools for managing fisheries, protecting habitat and biodiversity, and enhancing the anthropocentric value (esthetic and otherwise) of marine habitat (NRC 2001) . As management tools, MPAs potentially offer a form of insurance against (a) overexploitation of target species, (b) the compression of the age structure of fished populations, (c) undesirable fishinginduced impacts on non-target species, (d) reduction in biodiversity and (e) fishing-induced impacts to habitat (NRC 2001; Gerber et al. 2003; Halpern 2003) . Consequently, there is widespread consensus that MPAs are appropriate tools for achieving conservation needs that may be difficult to achieve under stock-wide or fishery-wide management approaches. Marine protected areas are, however, not a panacea for solving marine resource management problems, and the effect of MPAs on yield remains a critical issue. As Botsford et al. (2004) discuss, fishing is typically the primary action being limited so the effects of MPAs on yield are central to any policy decisions regarding MPA implementation. Mangel (1998) and Botsford et al. (2004) have shown that, in the absence of detailed information regarding larval transport and benthic productivity, it is possible to show a rough equivalence between the yield of a single species that is possible with reserves and with conventional management techniques, such that reserves can function roughly equivalent to reducing effort in a fishery. However, MPAs more typically reduce the maximum potential yield because fish in the MPA do not directly contribute to this yield (Mangel 1998; SladekNowlis and Roberts 1999) , although exceptions to this generalization are possible (Berkeley 2006) .
To achieve conservation objectives, many fisheries management bodies throughout the world have found it necessary to implement measures that could be argued to be comparable to MPAs. For example, a system of closed areas has been implemented to assist in meeting the conservation objective of rebuilding the depleted groundfish species managed by the Pacific Fishery Management Council (PFMC). In this system, the closed areas act to move the fishery out of regions where bycatch of depleted stocks would be highest. Ancillary benefits to habitat, diversity and other ecosystem services aside, the question of whether, and how, to incorporate protected areas as a strategic management tool to sustain low productivity stocks or otherwise optimize production of healthy stocks will be one that fisheries managers throughout the world are likely to consider to meet continually changing conservation objectives. However, policy decisions should be made with the awareness that adopting spatially based management could create new challenges for scientists and managers alike, particularly in regions with an infrastructure and history of using contemporary applied assessment models as the basis for decision making.
Within the USA, MPAs would not replace existing legislative obligations such as status determinations and the provision of estimates of optimal yields (OY) for target species. Consequently, two critical questions for managers to consider with respect to these obligations are: (1) whether/how the portion of the stock in the MPA is accounted for with respect to determination of stock status and depletion levels; and (2) whether restrictions on data collection inside the MPA would impact the ability to determine the 1 Throughout this paper we will use the term 'MPA' to mean an area with legal boundaries in which fishing is prohibited for all or a subset of species, or particular fishing gears are disallowed with some degree of permanence (excluding spatial management measures that are more dynamic in nature). According to this definition, 'marine reserves' are a type of MPA in which all fishing is disallowed.
Impacts of MPAs on Fisheries Science J C Field et al. status of the entire stock. The first question can be paraphrased as considering whether the spawning biomass within MPAs is 'on the table' or 'off the table' with respect to status determinations. In other words, would the biomass estimated to exist within the MPA be included as part of the total biomass when evaluating stock status and harvest policies. Given existing mandates to rebuild depleted stocks, the current answer is clearly that such biomass is 'on the table.' However, if MPAs were developed for a wider range of healthy stocks, the 'on the table' policy could lead to unfavourable management outcomes for healthy stocks and habitats that occur outside of the reserve (in the absence of a proportional reduction in effort), as the stocks outside the reserve would be subject to a proportionately greater fishing mortality rate than the status quo (Hilborn et al. 2006) . This highlights that the 'on the table' approach might not result in an optimal environmental or socioeconomic outcome.
With respect to the second question, whether or not MPAs would restrict data collection within closed areas, it is clear that the inability to maintain time series of abundance estimates based on monitoring within closed areas could severely compromise the ability to assess the status of stocks. Although monitoring is an essential component of spatial management, the issue of how to monitor could be controversial. Moreover, greater patchiness in the distribution and abundance of resources could lead to greater variance in the data, and possibly greater uncertainty with respect to stockwide abundance and trends. This paper evaluates the likely and plausible impacts of MPAs on the scientific process that supports management, with examples drawn from the West Coast and elsewhere to provide context.
MPAs, stock assessments and spatial modelling in marine ecosystems
In a comprehensive review of fisheries and marine ecosystem simulation models that include spatial dynamics, Pelletier and Mahevas (2005) rated the potential for each modelling approach to address a range of effects described as important elements of the success (or lack thereof) of MPA implementation. These included restoring spawning biomass within MPAs, restoring demographic structure within MPAs, increasing fecundity, providing spillover, enhancing fisheries yield, improving population stability and resilience, protecting biodiversity and effecting changes in community structure. Overall, the review suggests that MPAs tended to meet the conservation goals of maintaining or restoring populations and population demographics. Although most studies suggest that yields would be likely to decline, even this broad generalization may be uncertain, as outcomes tend to be dependent on a range of assumptions related to larval dispersal, compensatory processes (including the life-history stage at which compensation takes place), maternal effects, movement and spillover Hilborn et al. 2004; Starr et al. 2004; Hart 2006; Berkeley 2006) .
For example, Hart (2006) developed an analytical approach for assessing the effects of long-term closures on yield based on no movement between open and closed areas, and found that with MPAs, yields increased only when fishing mortality was greater than that associated with maximum sustainable yield (MSY). Similarly, using a spatially explicit multispecies simulation model of the Georges Bank region, Holland (2003) found that while area closures of 10-30% of fishable habitat resulted in modest increases in maximum potential revenue, they also increased the effort required to attain such revenue. The transient effects between existing and future conditions are also important considerations. For example, Hobday et al. (2005) evaluated the impact of MPAs established for habitat and biodiversity conservation on the recovery of rock lobster in the coastal waters of Victoria, Australia, and found that while MPAs would likely enhance the rate of recovery, they would also be likely to delay the recovery of the exploitable biomass in the areas open to fishing, because of the loss of fishable area.
From a more practical perspective, MPAs may pose a particularly complex challenge with respect to actually conducting the stock assessments from which status and yield are estimated. One necessary assumption of most assessment models is that the population being assessed has a high diffusivity, or alternatively, that all members of the target species are subject to the same fishing mortality rate as a result of the mobility and behaviour of the fishing fleet. This means that the effect of local recruitment events and regional fisheries are assumed to spread rapidly throughout the entire stock, which allows fishing mortality to be defined relative to the entire stock. The design of an MPA is based on the opposite assumption, which is that stocks are sufficiently viscous (low movement or diffusivity), that the protection afforded to the portion of the stock in the Impacts of MPAs on Fisheries Science J C Field et al.
MPA will not quickly dissipate outside. In reality, there is clearly a continuum of diffusivity and viscosity in nature that is both stock dependent and difficult to quantify.
As the application of spatial management measures increases, it would be beneficial for most singlespecies assessment models to become spatially explicit. This is particularly important for high-viscosity stocks, as MPAs by design would be expected to further establish and maintain heterogeneous patterns of abundance, age and size distribution (Guénette et al. 1998; Holland 2002; Methot 2004, Hart 2006) . Consequently, if largescale MPAs are implemented, stock assessment methods will likely need to account for spatial differences in population structure and movement patterns, both of which are poorly understood for most populations. Such considerations could potentially be incorporated into future assessments of datarich species, by using spatially stratified population models. However, few regions in the world are likely to have sufficient data on a majority of their stocks to support such data-intensive modelling efforts. For example, while a number of West Coast groundfish stock assessments are reasonably well supported by data, over half of the assessments conducted in the most recent assessment cycle can be described as data-moderate or data-poor (Table 1) and these are only a subset of the stocks that are included in the Groundfish Fishery Management Plan. As spatial management measures become both more complex and more important to sustainable resource management, accommodations that facilitate resource monitoring and assessment should be identified and implemented to support such transitions.
The role of fisheries science in management
The premise of contemporary fisheries science is that exploited populations are capable of compensatory 
Species or stock
General data quality increases in per capita productivity in response to removals through fishing. Fishing increases the mortality rate of a given stock, leading to a smaller population of younger, faster growing individuals. Populations fished down below their equilibrium levels tend to have higher per capita production of young, which implies a density-dependent capacity to support some sustainable level of fishery removals. The ultimate objective in stock assessment science is to estimate both the abundance and the productivity of a given stock, in order to optimize the potential yield resulting from such compensation. Doing so requires estimating what the current biomass is, what the historical biomass has been, how productive the stock is, how much uncertainty there is around all of these measurements, and what the likely consequences of possible management actions (typically harvest levels) are.
A key role of fisheries management is to translate the guidance provided by fisheries scientists based on stock assessments into allowable harvest rates, catches and other management measures with the goal of maintaining populations at or above their target levels. Both the Magnuson-Stevens Fishery Conservation and Management Act (MSFCMA) in the USA and the UN FAO Code of Conduct for Responsible Fisheries, call for stock-specific biological reference points to serve as limits, targets and performance indicators for management actions when setting allowable fishing levels. For the USA fisheries, limit reference points are defined with respect to both fishing mortality (harvest) rates and biomass thresholds. Biomass thresholds, referred to in the USA as minimum stock size thresholds (MSST), are reference points that specify the relative biomass level at which a stock is considered overfished or depleted. The harvest rate associated with the MSY is also a limit reference point, and is referred to as the maximum fishing mortality threshold (MFMT, or alternatively, F MSY ). Exceeding this harvest rate (or the associated catch, referred to as the allowable biological catch or ABC) is considered overfishing according to current USA law. Target catches, known as OY, are legally defined in the USA as the ABC values as reduced by relevant ecological or socioeconomic factors. The objective for most stock assessments is to develop and integrate life-history, catch and relative abundance information into a statistical model to estimate absolute stock abundance, reproduction and mortality relative to these established management limits and targets.
The very earliest reference points were based on estimating the MSY of a given population using the logistic growth curve (Schaefer 1954) . These simple curves predicted that populations were most productive when fished down to half of their unfished biomass. As population models became more complex, it was found that the population size at which MSY is predicted to occur, B MSY , was actually very difficult to estimate and sensitive to model assumptions. As a result, both F MSY and B MSY are now commonly based on 'proxies' that can be determined from readily available fisheries data and models. For example, the fishing mortality rate that reduces spawning biomass per recruit (SPR) to levels ranging from 35% to 50% of the unfished level (F 35% , F 50% ) have been used as both targets and limits for many fisheries (Clark 1991 (Clark , 1993 Goodman et al. 2002; Ralston 2002) .
Stock assessment models generally require three categories of information: total catch (what has been removed), life-history information (growth, maturity and natural mortality), and absolute or relative abundance data to determine trends in abundance.
2 Age-and length-structured models require more detailed demographic data (catch age-and length-composition information), but are better able to adjust for the details of fishery selectivity, use multiple data sources and make realistic projections. In a typical stock assessment, observed catch demographic and trend data are fitted to predicted values by varying model parameters related to, for example, recruitment, mortality, selectivity and productivity (primarily the steepness of the spawner/recruit function). The principal types of information used in stock assessment models are shown graphically in Fig. 1 , and the extent to which MPAs could potentially affect each of these types of information is examined in the following sections.
Fishery-dependent information
Fishery-dependent information includes retained catch, discarded catch, demographic characteristics of the catch (generally its age, sex and size compositions) and catch per unit of nominal effort (CPUE).
For CPUE, effort may be area (or time) trawled, the number of hooks on a longline or the number of angler hours in a recreational fishery. Fisherydependent data can provide insight into trends in abundance if they meet the assumptions necessary to be useful as a time series of relative abundance (such as constant catchability, stable gear and vessel efficiency). The presumed consequences of implementing closed areas include changes in the distribution and level of effort, thus weakening the assumption that catchability is constant. There could also be substantial bias, or more variability in catch-rate data as some vessels 'fish the line' along MPA boundaries because of either real or perceived higher catch rates in boundary areas associated with spillover (McClanahan and Mangi 2000; Murawski et al. 2000; Goñ i et al. 2006) . For example, using vessel monitoring system and logbook data, Murawski et al. (2005) found that the implementation of large closed areas in the Georges Bank region had fundamentally restructured the spatial dynamics of the fishery in that region, with both a reduction in overall fishing effort as well as a concentration of effort near closed area boundaries. Even if such bias could be accounted for (by removing CPUE data associated with boundary areas), the resulting CPUE indices would presumably represent population trends of the exploited portion of the stock, rather than the entire stock, as trends within protected areas would presumably be quite different from those outside. MPAs could also limit the ability of fishermen to make choices of where to fish in a manner consistent with the period prior to their implementation, particularly if MPAs are established in areas of high density or where fish aggregate seasonally (Holland 2002) . In practice however, fishery CPUE data are often considered suspect as an index of stock abundance for a variety of reasons. For example, catch rates may be stable in the face of stock declines as a result of increasing fishing power or changing spatial patterns in effort (Hilborn and Walters 1992; Walters 2003) . Furthermore, management measures can substantially alter the integrity of fisherydependent data, particularly for resources that are considered overfished or depleted and consequently become subject to efforts by managers to reduce or control catches. For example, in response to declines in rockfish abundance, trip limits off the USA West Coast have become increasingly restricted over time (e.g. Fig. 2 ), culminating in complete non-retention of some species and massive closures of habitat in recent years. As a result, for all but one of the nine assessments in Table 1 Figure 1 Principal sources of data and information used in most ageand length-structured stock assessments. fishery-independent surveys are lacking or particularly imprecise. Standardization of these CPUE data typically involves analysis of the spatial (depth) and temporal (seasonal) restrictions that primarily affected catch rates in these fisheries (Maunder and Punt 2004; Stephens and MacCall 2004) so there is some confidence that the standardized annual index represents the trend in stock abundance.
Life-history information
For heavily exploited or depleted species, estimates of life-history parameters are often not available or reliable as a result of substantial compression of age and size distributions. For example, Kronlund and Yamanaka (2001) found differences in growth parameters in lightly versus heavily exploited aggregations of yelloweye rockfish (Sebastes ruberrimus) off British Columbia, which they attributed in part to a lack of older fish in the heavily exploited site. Bobko and Berkeley (2004) evaluated the consequences of maternal age on black rockfish (S. melanops) larval survival and timing of postparturation, yet had difficulties in finding adequate numbers of older females with which to conduct their analysis (S. Berkeley, personal communication). Consequently, it is possible that MPAs may provide a source of specimens and data for larger, older individuals for biological studies. For example, Attwood (2003) estimated natural mortality rates for the galjoen (Dichistius capensis) from large MPAs off South Africa, and Punt et al. (2001) used a simulation model to show that there was some improvement in estimates of natural mortality rates for coral trout (Plectropomus leopardus) when data from MPAs were available. However, Punt and Methot (2004) , also using a simulation model, found that MPAs improved the ability to estimate natural mortality and other biological parameters only modestly.
Marine protected areas also have the potential to alter life-history parameters such as growth and natural mortality rates as a result of changes in community structure (predator, competitor and prey abundance). For example, Salomon et al. (2002) modelled the effects of MPA zoning policies in British Columbia using Ecospace (Walters et al. 1999) and predicted that top predators were likely to cause localized depletion of some prey species, possibly resulting in trophic cascades.
3 Similarly, Martell et al. (2005) modelled the effects of implementing large-scale MPAs in the North Pacific to protect pelagic loggerhead and leatherback sea turtles, as well as marlin populations, all of which are facing substantial conservation problems. They found that although closed areas had the potential to reduce turtle bycatch mortality, this could also lead to greater predation mortality for both turtles and marlin. 4 In contrast, for groundfish communities in the California Current, empirical evidence suggests that higher trophic level rockfish play a structuring role in the ecosystem, such that habitats with high piscivore density are associated with few of the small, fast-growing and early-maturing rockfish species found in high abundance in heavily fished environments (Stein et al. 1992; Yoklavich et al. 2000; Levin et al. 2006) . Moreover, theoretical considerations suggest that smaller species of rockfish could consume or outcompete recruiting juveniles of larger species under scenarios of heavy exploitation for the higher trophic level species, potentially leading to shifts in equilibrium conditions (MacCall 2002; Baskett et al. 2006) . Baskett et al. (2006) found that under such conditions, area closures could be among the most effective means of ensuring that a given species or guild is able to persist and maintain their functional role in a habitat or ecosystem. Such observations lead to two basic conclusions. The first is that fisheries themselves, through ecosystem changes, trophic interactions and cascades, and selective forces on demographic characteristics, have the potential to alter life-history characteristics such as growth, natural mortality and maturity rates, which would not be expected to be time invariant even in an unfished system (Hollowed et al. 2000; Pauly et al. 2002; Walters et al. 2005) . The second is that regardless of 3 It has also been acknowledged that some conservation objectives are not achievable simply by implementing MPAs. For example, empirical studies of sea otter and abalone interactions suggest that some California nearshore MPAs may not be able to serve the dual purpose of biodiversity enhancement and abalone conservation, as the abundance of abalone in the presence of sea otters will be too low to contribute to regional fishery sustainability (Fanshawe et al. 2003) . 4 Both these authors and others have qualified such general results by noting that this type of modelling approach is limited in its ability to capture demographic structure and ontogenetic migrations at the population level, and, as such, may be limited in their ability to predict impacts to community diversity.
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whether such changes have occurred, the implementation of MPAs could also result in shifts in life-history characteristics, presumably (but not reliably) in the opposite direction. Although the direction of such factors would be difficult to either assess or predict, the possibility that such characteristics may not be the same inside MPAs as outside is something of which those who develop or apply such information should be cognizant. However, even with the recognition that mean values for growth, mortality or other factors within MPAs might not reflect mean values outside of MPAs, the potential to gain insight regarding the range or plasticity of such values could be important. Perhaps more significantly, MPAs could play a role in preserving genotypic diversity and age structure in exploited populations. Fishing has been widely accepted (and experimentally demonstrated) to be a form of artificial selection towards both smaller size and earlier maturity (Mangel et al. 1993; Conover and Munch 2002) . The potential consequences of such selection are important for both conservation and economic reasons. By protecting a fraction of a given stock from the evolutionary consequences of fishing, MPAs could provide a refuge for fish genetically predisposed to fast growth, late maturity or large size at age. Similarly, it has been argued that a broad age structure is beneficial to the recruitment and productivity of many stocks , and area closures offer one of very few means of achieving a broad age structure based on currently available management practices (Berkeley 2006) .
Catch demographic data
A major source of information for most contemporary stock assessments, particularly those in temperate waters, is demographic data (catch at age and/ or catch at length) taken directly from fisheries catches. Such information is an important component of most (21 of 22) of the stock assessments in Table 1 and contributes to the estimation of fishing mortality as well as the relative strengths of the year-classes reflected in the catch. With low rates of mixing, it is reasonable to assume that the age structure of the population in an MPA would be similar to that in the unfished state whereas that in the fished area would reflect the impact of fishing. The mixing of animals across MPA boundaries can be problematic for an assessment at low mixing rates, as the age structure of the exploited area will not reflect the impact of fishing mortality. Depending upon movement rates and other factors, older and/or large fish can be expected to be overrepresented in catches near the boundary (Kramer and Chapman 1999; Sladek-Nowlis and Roberts 1999) . This has been widely demonstrated in a number of studies of both fishes (Johnson et al. 1999 Although such spillover represents productivity that can contribute to overall yield for a given resource, the consequences of diffusion of old fish outside reserve boundaries and into fisheries catches could cause assessment models to misinterpret the population size of the whole stock (Punt and Methot 2004) . However, it is worth noting that such diffusion may already be a factor in contemporary assessments, when animals that inhabit untrawlable habitat (natural refugia) diffuse randomly or at high densities to trawlable areas. Furthermore, with high rates of mixing the effect is unlikely to be significant.
Fishery-independent surveys
Fishery-independent surveys are specifically designed to be a reliable source of information on trends in stock abundance (NRC 1998). On the West Coast, the results from such surveys were used in 15 of the 23 assessments in Table 1 . Additionally, surveys are often a primary source of the biological data used to estimate life-history parameters. Most fishery-independent survey techniques involve lethal sampling (e.g. to obtain otoliths for age determination) and may impact the habitat. Although monitoring is typically considered to be an essential element of MPA-based approaches for resource management (NRC 2001; Gerber et al. 2005) , the issue of how to monitor has the potential to be controversial if extractive methods have been used in traditional surveys. Although non-lethal means of estimating abundance (such as direct observation surveys from submersibles or towed vehicles) offer an alternative way to track abundance and size structure, particularly in areas difficult or impossible to sample with trawl or other extractive survey gear (Richards 1986; O'Connell and Carlile 1993; Jagielo et al. 2003) , these surveys also have limitations. For example, the spatial extent covered is considerably less than in trawl surveys, there is an inability to collect age, maturity Impacts of MPAs on Fisheries Science J C Field et al. and often sex information, length information exist, but has a higher variance, and the cost may be prohibitive. Other non-lethal survey methods include egg or larval abundance (or production) surveys (Mangel and Smith 1990; Moser et al. 2000; MacCall 2003; Ralston et al. 2003) and hydroacoustic surveys (Stanley et al. 2000; Helser et al. 2006) , none of which would presumably be affected by area closures. However, any new indices of abundance based on non-lethal methods cannot replace historical time series without a period of overlap and calibration.
Along the US West Coast, large closed areas were recently enacted to protect essential fish habitat (EFH) from trawling, encompassing many areas that have historically been surveyed using trawl gear (Fig. 3) . Over 5% of historical shelf survey tows, and nearly 10% of historical slope survey tows, have been conducted in these areas, although interestingly a higher rate of bad performance tows have been documented from these areas (Zimmermann 2003) , consistent with the intent of protecting high relief habitat in implementing EFH. If surveys were excluded or constrained from MPAs, the ability to track abundance and demographics throughout the range of a species could be compromised, although establishing MPAs in areas with complex bottom topography, or other areas in which trawl survey methods have not been used, would have negligible impacts. However, even with no constraints on surveys, the imposition of a (large) MPA may have substantial implications for survey stratification and design. Specifically, changes in the abundance and demographic composition of stocks inside MPAs could lead to the need to either stratify survey effort, or post-stratify survey results, with explicit consideration of MPA boundaries. For example, along the US East Coast, most of the biomass of yellowtail flounder (Limanda ferruginea) has been found within the closed areas implemented to rebuild that (and other) groundfish stocks (Legault and Stone 2004) . The failure to allocate and stratify survey effort consistently within and outside of these areas could result in increasing the variance in the abundance time series, as could the simple consequence of having greater spatial heterogeneity in the distribution of the resource itself.
Spatial variability and movement patterns
Movement and dispersal of larvae, juveniles and adults impact both the efficacy of MPAs and the likelihood of increased or decreased yields in fisheries. With respect to larval and juvenile movement, it is worth noting that population persistence is greater if there is not much dispersal, but increased (or maintained) yield is more likely if dispersal is fairly extensive (Botsford et al. 2004) . Issues relating to larval and juvenile dispersal are not addressed in this paper, because these have been reviewed extensively elsewhere (Warner et al. 2000; Gaines et al. 2003; Botsford et al. 2004) . Instead, we briefly review what is known about movement patterns for the adults of the major groundfish species and assemblages presented in Table 1 , and consider what this might infer about the ability to conduct stock assessments and understand changes in fishing behaviour.
A reasonable amount of information is known about the seasonal, ontogenetic and nomadic movement rates for the key species and assemblages of groundfish along the USA West Coast (Table 2) . There is clearly a wide range of movement patterns for groundfish in the California Current System. For example, large-scale (>1000 km), highly predictable seasonal movements of Pacific hake are observed coastwide, while many flatfish (as well as lingcod and California scorpionfish) have distinctive seasonal migrations across depth strata. In addition, many species are relatively mobile (nomadic) on both small (lingcod, California scorpionfish) and large (sablefish) spatial scales. By contrast, the limited evidence for most rockfish suggests that the bulk of the adults are highly sedentary, with some gradual ontogenetic movement to greater depths common for most shelf and slope species. As a result, MPAs would presumably protect 'islands' of individuals for rockfish, such that these species would presumably show greater contrast in age and size structures inside and outside of MPAs. The observation that the stocks most vulnerable to overfishing in the California Current System also appear to be the most viscous with respect to movement rates might suggest that the spillover of such species would be low, while the spillover of more productive species such as sablefish, lingcod and flatfish (with generally higher movement rates) could be greater. If so, this would also suggest that monitoring and assessment efforts will have a greater need to consider such heterogeneity in assessing stock status and trends for rebuilding stocks. However, it is also feasible that future management strategies could utilize MPAs not only to hasten the rebuilding of depleted stocks, but to ensure their persistence while allowing for fishing opportunities on co-occurring healthy stocks in open areas. This is particularly true for some of the higher trophic level, and more vulnerable, species such as yelloweye rockfish and cowcod (S. ruberrimus and S. levis respectively), for which sustainable yields even over the long term are expected to be a small fraction of historical catches.
Structure of assessment models Punt and Methot (2004) conducted a quantitative evaluation of the effects of implementing large-scale MPAs on the performance of stock assessment methods. Using the Management Strategy Evaluation approach, 5 they found that while the negative impacts of MPAs on assessments were substantial if MPA and non-MPA data were aggregated, the impacts were minor when spatially structured models were used. Bias and errors increased with movement rate, particularly when movement increased with age, because the models treated each area separately; performance was less sensitive to assumptions about larval dispersal and density dependence. Not surprisingly, a lack of fisheryindependent survey data for the population inside the MPA led to considerably degraded model performance. Overall, the study suggested that the negative impacts of MPAs on assessment ability were relatively slight if measures were taken to account for spatial patterns in demography and abundance (e.g. if MPA and non-MPA data are kept separate), although the simulations were based 5 Management strategy evaluation involves developing an (operating) model that reflects reality and using this model to generate data on which assessments could be based. The ability of stock assessment models to estimates quantities of management interest can be determined by comparing the estimates from the assessment model (which uses the generated data) with the true values from the operating model. Nearshore rockfish (olive, copper, quillback, kelp, blue, black)
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Small-scale movement suspected for some species 4, 5, 6 Some small-scale movement, primarily between juvenile and adult stages 5, 6, 7 Very low for most species, greater movement in black rockfish 6, 7, 8, 9, 10, 11, 12 Semipelagic shelf rockfish (yellowtail, widow, bocaccio)
Small-scale movement suspected for some species 4, 10, 11 Some movement of juveniles to deeper or offshore habitat with age 5,11
Less than 10 km for most mature adults, small numbers of yellowtail moved 50-250 km 4, 13, 14, 15 Shelf and slope rockfish (canary, Pacific ocean perch, darkblotched, greenspotted)
None known or suspected Movement to deeper habitat with age for many species (canary, darkblotched) 16, 17, 18 Thought to be highly limited (1-5 km)
for most species, with some notable exceptions 15, 16 Thornyheads (shortspine and longspine) Impacts of MPAs on Fisheries Science J C Field et al.
upon relatively data-rich species with low rates of adult movement. Moreover, these results were based on there being a relatively large, contiguous MPA, rather than a large number of more moderately sized MPAs, and it is not clear whether the results obtained by Punt and Methot (2004) are robust to alternative MPA designs. Ideally, stock assessment models for species subject to MPAs or other area closures should explicitly account for variability in population demographics. For example, depending upon mixing rates and demographic variability, one might include three spatial units (protected, exploited and MPA-adjacent edge areas) in an assessment for a species that is found to some extent in an MPA. However, moving to even a three-area model would require both a substantial shift in the basic modelling framework and a tremendous increase in the amount and quality of demographic data from open and closed areas. Quantifying and understanding movement and migration rates would become a critical new focus for assessment-related research. If data or modelling were not sufficient to explicitly account for spatial differences in the age or size structure of the population, the trends and population structure inferred by catch-at-age and catch-at-length data may not accurately reflect the demographic status of the population.
In cases in which the data are too sparse to apply a fully spatial model, a reasonable compromise to ignoring spatial structure might be to allow the availability of fish of different ages/sizes to drop off with age. Allowing for declining availability with age/size is already common when conducting stock assessments for species such as shortspine thornyheads (S. alascanus), for which there is an apparent ontogenetic movement of older (larger) individuals of both sexes into deeper water. The assumption of declining availability with age/size (Fig. 4) implies that a reservoir of larger, older individuals exists in a population that is less vulnerable to fishing gear than their smaller, younger counterparts, which might superficially mimic the impact of an MPA. However, dome-shaped selectivity has the potential to be misleading in some circumstances, and consequently this approach is not likely to be a reasonable means of approximating differences in vulnerability across space, in general. Specifically, it implicitly implies that the trend in abundance inside and outside the MPA is the same, and could result in a change in the apparent selectivity over time, neither of which is likely to reflect reality.
As Schnute and Richards (2001) point out, the principal assumptions behind assessment models are often challenged by a mix of complex biological, oceanographic and interspecific interactions, as well as by ever changing fisheries practices and management measures. Most, if not all, of these assumptions are not fully met in reality. Wilen (2004) notes that applied fisheries science has lagged behind more academic research in marine ecology with respect to adopting an increasingly 'spatially rich' interpretation of the complexity in population, subpopulation and metapopulation structure in marine populations. This is largely because of the extensive data necessary to adopt such a spatially explicit body of research. Although it is true that few stock assessments have confronted spatial variability in abundance, demographics and dispersal, there are a modest, but increasing, number of examples in which such factors have been incorporated into catch-atage (or catch-at-length) models, such as northern Atlantic cod (Fu and Fanning 2004) , school shark off southern Australia (Punt et al. 2000) and southern Pacific tunas (Fournier et al. 1998; Hampton and Fournier 2001) . In all of these examples, the increase in model complexity was substantial. For example, Punt et al. (2000) found that while adding spatial complexity and movement was warranted by evidence and stakeholder concerns, movement parameters ultimately accounted for 36 of the 50 parameters used in the model and made quantifying the uncertainty in the model results more difficult. Similarly, while Hampton and Fournier (2001) found that including spatial structure in an assessment of yellowfin tuna allowed the model to better replicate the patchiness in population distribution and exploitation (critical for facilitating multina- tional management of the resource), the high complexity of the model limited their ability to test many alternatives to the base model design. Advances in both assessment and simulation methods should provide the means to incorporate such complexity into fisheries science and management approaches in the future.
Fisheries management objectives and obligations
Most Fishery Management Councils in the USA have implemented large-scale closed areas to rebuild depleted species and to protect EFH (Murawski et al. 2000; Holland 2005 ). The duration of such closures is reflective of the particular issue they are intended to address. For instance, the PFMCs gear restrictions and closures implemented to protect EFH are likely to be quasi-permanent, while the rockfish conservation areas (RCAs) were designed to reduce the incidental bycatch of rebuilding rockfish species, and were not intended to be permanent management features. Factors associated with the implementation of large-scale closed areas are best understood in the context of the fishery management process in the USA, depicted here in the form of a simplified schematic of the PFMC process (Fig. 5) . The management cycle is initiated with the stock assessments, the structure of which was described in detail earlier.
Following scientific review, assessment results are transmitted to management and advisory bodies, where they form the basis for decisions regarding ABCs, OYs and, for overfished species, rebuilding targets. For example, most West Coast groundfish fisheries are multispecies in nature (as are comparable fisheries in the North Pacific, Northeast Atlantic and elsewhere); consequently, speciesspecific OYs take account of the assemblages within which each species is caught.
Fishery Management Councils, and the agencies that review and approve their regulations, are responsible for ensuring that the regulatory process yields a reasonable range of management alternatives (relative to each issue under consideration), and that each alternative is evaluated in terms of its biological, environmental and socioeconomic effects, monitoring and enforcement requirements and allocation implications. These requirements help ensure that the Council and the public are aware of the consequences of management alternatives prior to the selection of a preferred alternative. Stock assessments and regulatory analyses are subject to a wide range of dynamic environmental and economic influences, as well as intrinsic observation and model uncertainty. Such uncertainty is explicitly reflected in stock assessments and regulatory analyses and in the adoption of precautionary management measures (such as setting OYs at levels below ABCs). Uncertainty in pre-season effort and catch projections is addressed by intensive in-season monitoring and in-season regulatory changes (including the possibility of early fishery closure) as warranted.
In common with most management systems, the regulatory infrastructure that supports the PFMC process has had to adapt to the increasing demands of spatial management. Spatial data were essential for establishing the boundaries of the RCAs and continue to be used for monitoring changes in effort and catch in the open area. The need for an observer programme became more compelling to monitor both the magnitude and the spatial distribution of discards, and such a program was established in 2001. While spatial closures are not unique in terms of precipitating displacement of effort to other fisheries, the RCAs led to the development of customized spatial bycatch models that predict the effect of RCA boundary changes on displaced effort and consequent changes in the catch of target and bycatch species. 6 Although this
should not imply that all important data and methodological issues associated with their use have necessarily been resolved, the long time periods expected for several of the rebuilding stocks suggest that spatial management measures will remain an important element of the management toolbox into the foreseeable future. The experience of the PFMC and other management bodies with spatial management points out the need for data and models that suit real world, operational needs of managers, as well as the need for managers to scale their priorities and expectations to the limits of scientific capability and institutional capacity.
Summary
There is general agreement that MPAs can result in benefits for marine ecosystems, particularly in situations where scientific information is scarce, management measures and enforcement are weak, and resources are depleted below target levels (NRC 2001; Halpern 2003; Alcala et al. 2005) . Clearly, spatial management measures also have a role to play in facilitating the recovery of rebuilding species, as evidenced by the increasing implementation of large-scale closed areas in temperate water fisheries worldwide. However, there is an ironic twist to the role that MPAs may play in rebuilding populations that have been historically depleted, as the ability to assess stock status and trends may be compromised to some extent as a result of their implementation. The issue of bias is important with respect to the impact on the ability to conduct assessments, as there is the potential to bias assessment results in either direction. For example, if catch-at-age models are based on demographic data from open fished areas only, the result could be a more 'risk adverse' bias to overestimate fishing mortality throughout the entire range of the stock. However, if an assessment is structured to estimate fishing mortality only on the fraction of the stock outside MPAs, yet there are larger, older fish from within MPA moving across boundaries and being caught in fisheries, the bias could be in the other direction. In general, the direction of bias is not likely to be predictable, and will depend both on the life history of the stock, the dynamics of the fishery and the nature of the management regime. For instance, the question of whether the biomass within MPAs is on or off the table with respect to estimating stock status relative to target mortality rates and reference points will have a much greater influence on the extent to which a management approach might be risk prone or risk adverse. The impacts described here are based on the technical consequences to status quo science and management systems, which are themselves evolving and changing over time. For managers, the policy considerations related to choices of whether and why to implement MPAs are (and should be) larger than the considerations described in the paper. Spatially based management has proven to be critical to meeting conflicting management goals and objectives, such as maintaining fishing opportunities on healthy stocks while reducing incidental catches of rebuilding species, and meeting habitat protection requirements. Furthermore, there is a growing appreciation of the significance of heterogeneity in population structure for most marine organisms, as well as for the potential interaction between population structure and fishing behaviour, that scientists and managers alike will find increasingly necessary to confront in population models and management measures Wilen 2004; Pelletier and Mahevas 2005) . For example, a recent NRC Committee on the Ecosystem Effects of Fishing found that 'Spatial analyses may be one of the greatest obstacles faced by fishery managers, yet new developments in measurement and analysis methods allow for the explicit consideration of spatial variability in marine systems' (NRC 2006) . This committee recommended a new focus on the collection and analysis of spatially explicit data to monitor and assess populations at both large and fine scales. While nearly everyone can agree on a perceived need to move in this direction, policy decisions should be made with awareness of the real or potential consequences, and with the recognition that new policy objectives and implementation measures create new suites of challenges, each of which may have their own cadre of supporters, methods, assumptions and objectives. Just as predicting the impacts of MPAs on total fisheries yield with any meaningful confidence tends to be based on a range of immeasurable caveats and assumptions, the actual impacts of implementing MPAs on the systems established to monitor and manage resources is to some extent unpredictable.
